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Abstract
The PF1 coil of the ITER superconducting magnets is intended for positioning and shaping of the magnetic
poloidal field. The properties of the coil depend on the quality of the monolithic structure resulting from vacuum
impregnation of the pancake insulation by hot-curing compound.
The test model of the PF1 pancake with vacuum volume has been designed to optimize the impregnation
technology. The calculation model has been developed to simulate the test-model thermal response to heating by
electrical current in the conductor and by external heaters.
The computation demonstrates the heating method capability to provide the required temperature regime.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and
Peter Kes.
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Introduction
The PF1 coil (Fig.1), being part of the ITER magnet system, has been designed to create the poloidal
magnetic field of a specified value with the aim to control the plasma shape and position [1].
Structurally, the coil is a circular cylindrical solenoid about 9 m in outer diameter, 1 m in height and
about 225 t in weight assembled of eight double pancakes wound with two-in-hand cable-in-conduit NbTi
superconductor (Fig. 2).
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Fig. 1 ITER PF1 coil assembly equipped with (1) terminals;
(2) interpancake joints; (3) helium inlet/outlet. General view.
Fig. 2 Design, sizes and composition of the PF1
conductor for winding of coil double pancakes.
The mechanical and operation properties of the entire coil depend to a great extent on the quality of
the monolithic structure resulting from vacuum impregnation of the composite pancake insulation by hot-
curing compound. The required quality of the monolithic structure is attained, in its turn, by strict
adherence to the temperature scenario specified for impregnation in compliance with stringent
requirements for temperature nonuniformity of the whole coil structure.
In this paper, the impregnation temperature regime is numerically investigated and the methods
controlling this regime are described.
1. Design of the pancake test model
The coil is impregnated by injecting a compound into the vacuum volume, where the pancake is
located. The pancake turn insulation consisting of glass tape and polyimide is used as a reinforcing
material. Compound heated to 60ºɋ impregnates the insulation and cures at 100-120ºɋ.
As recommended by the ITER International Organization [2], first, each pancake is impregnated
individually and then the whole coil is impregnated.
A full-scale test model of a pancake segment of the coil PF1 was designed to optimize the
impregnation process. This model is intended for full-scale simulation of the entire process for production
of the monolithic construction.
The test model is a 40° sector of the most structurally complicated part of a real pancake (Fig. 3), the
superconductor in the sector is replaced with an aluminum pipe of similar dimensions
(50mm×50mm×3mm). Pipes simulating the conductor are connected in series on the sector ends by
special buses. Thirty two rectangular aluminum pipes were bent by a bending device to be used for
formation of turns. The turn insulation simulating the real insulation was applied to each pipe.
The insulation gaps in the test model were the same as the gaps in a real pancake. The turn and layer
insulation is made of glass fiber of R and S types, respectively. The test model outputs are made straight,
and a fiberglass binding was applied to the outer surface of the formed test model of the pancake.
A special heating system intended for maintenance of the required temperature is under development.
This system will both heat the vacuum volume and maintain the required compound temperature during
impregnation.
To limit consumed power and to maintain the required temperature inside the vacuum volume the
outer shell is covered with thermal fiberglass insulation 10 mm in thickness.
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PF1 coil double pancake
prepared for impregnation
Test-model of double pancake
Prototype of most complicated
part of PF1 coil double pancake
Fig. 3 Scheme of pancake test model development: selection of the DP sector with interpancake joints and G10 fillers
2. Numerical simulation of PF1 test model heating
Impregnation of the magnet system coil with compound involves the processes of heating and
maintenance of the required temperature in the vacuum volume, where the coil is installed.
Taking into account the coil dimensions and quality requirements for the monolithic construction after
impregnation it was proposed to impregnate individually each of the eight double pancakes.
As the preliminary comparative analysis showed, direct ohmic heating of the conductor is more
energy-conserving and provides more uniform heating of the whole assembly in comparison with heating
by external heaters arranged on the vacuum vessel (VV) case.
The numerical model of the 40° sector of the PF1 double pancake was developed to try out the heating
procedure (Figs. 6, 7), and the numerical experiment was carried out with the aim:
- to assess the effect of different VV design versions (with or without thermal insulation or
auxiliary external heaters on the VV case in Fig. 5) on the “quality” of the resulting temperature
distribution in the pancake body;
- to optimize the scenario of electric current supply to the conductor.
The performed numerical study of the test model can be arbitrarily divided into two stages. At the first
stage, three design versions of the VV model was comparatively analyzed for its ability to provide the
minimum temperature non-uniformities throughout the vacuum volume during one heating cycle (Fig. 4).
At the second stage, the whole temperature scenario of pancake heating was simulated.
Fig. 4 presents the simplified heating scenario used for testing of three design options of the PF1
model and Fig. 5 shows location of the auxiliary external heaters on the VV case in the problematic zone.
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Fig. 4 Scenario of the test-model heating for
selection of the design option for further analysis.
Fig. 5 Scheme of locations of three external
ohmic heaters on the test-model case.
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 In the first model, heat release in the assembly was assumed to occur only in the aluminum conductor
due to ohmic losses of current (main thermal source), and heat was assumed to be removed directly from
the external surface of the model case by air natural convection (Įair=5 W/(m2×K).
The second model  differs  from the  first  one  only  by  the  50-mm-thick  thermal  insulation  on  the  VV
external surface (simulated by reduction of Į (Įeff=1.43 W/(m2×K)). The thermal insulation made it
possible to store heat in the model and to distribute it more uniformly through the volume of the model.
The third model is identical to the second one. Three heaters are located on the model case to provide
uniform heating of the model in the problematic zones (“to pull up” the cold zones), as shown in Fig. 5.
2.1. Description of calculation model
The three-dimensional final-element model consisting of 150690 elements of SOLID70 type (eight-
node solid element) (Figs. 6, 7) was developed for numerical study of PF1 model heating by the ANSYS
11.0 package [3].
Fig. 6 ANSYS model of the PF1 test model with the VV
case made to provide model impregnation
Fig. 7 ANSYS model of the PF1 test model
(sectional view with the case removed)
The properties of the materials used for model development were assumed to depend on the
temperature, as recommended in [4].
As discussed above, the thermal load in the calculation model was created by electric current of the
conductor (main thermal source) and external heaters (auxiliary thermal source).
Fig. 8 shows the calculation scheme applied to define the non-steady-state temperature field arising in
the PF1 model, when the aluminum conductor is heated by electric current.
Fig. 8 Calculation scheme with boundary conditions for defining the non-
steady-state temperature field of the PF1 model.
Fig. 9 Key points of insulation
selected for temperature monitoring.
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2.2 Results of preliminary analysis
 Fig. 10 presents the results of the preliminary calculations carried out at the first stage of numerical
simulation of PF1 heating with the aim to select the design version providing the minimum temperature
non-uniformities in the model volume. The results are presented in the form of temperature curves of the
characteristic points of the model shown in Fig. 9.
(ɚ) Version 1 (b) Version 2 (c) Version 3
Fig. 10. Temperature evolution of the selected characteristic points of the coil insulation (Fig. 9) as a response to model
heating procedure according to scenario presented in Fig. 4
The analysis of the curves in Fig.10 shows that (a) the model thermal insulation makes it  possible to
reduce both the current heating the conductor and, slightly, the temperature non-uniformities in the model
from ~40ºɋ to 30ºɋ; (b) the auxiliary heaters expand the heating control range and provide more uniform
heating of the model (tmax=116ºC, tmin=112ºC).
On the basis of the obtained results of the preliminary calculations, Version 3 has been chosen for
simulation of the total cycle of coil impregnation in compliance with the scenario presented in Fig. 11.
Table 1. Main parameters of PF1 impregnation
Stage Stage duration Heat released inconductor, kW
Current in
conductor, kA Voltage, V Heaters power 1/2/3, W
1 0-14 hours (heating from 20 upto 100°ɋ)
1.3 0.518 - 0.447 2.5-2.9 150/150/51
2  14-22 hours (100°ɋ) 0.82 0.355 2.3 57/57/2.2
3  22-39 hours (cool-down to 60°ɋ) 0 0 0 0
4 39-54 hours (60°ɋ) 0.34 0.244 1.4 28.5/28.5/1.1
5 54-70 hours (heating from 60 upto 100°ɋ)
1 0.419–0.392 2.4-2.6 100/100/21.6
6 70÷74 hours (100°ɋ) 0.73 0.335 2.18 57/57/2.2
7 74÷78 hours (heating from 100up to 120°ɋ)
1.7 0.511-0.495 3.33-3.43 210/210/28.6
8 78÷86 hours (120°ɋ) 0.873 0.355 2.46 71.3/71.3/2.75
9 86÷90 hours (heating from 120up to 140°ɋ)
1.75 0.5-0.49 3.48-3.6 210/210/33
10 90÷96 hours (140°ɋ) 1 0.372 2.7 75/75/2.2
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The chosen values of the current in the conductor and the power of three auxiliary heaters providing
the whole cycle of the specified heating scenario shown in Fig. 11 are summarized in Table 1.
Fig. 12 shows the temperature evolution of the inter-turn and inter-layer insulation points
(characteristic points 1-5 as in Fig. 9) crucial for impregnation procedure.
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Fig. 11 Temperature scenario of PF1
impregnation
Fig. 12. Temperature evolution of the characteristic points (Fig. 9) of the coil
insulation (a) and maximum/minimum temperatures (b) during heating of
the PF1 model (total impregnation cycle)
Fig.13 shows the temperature field in the PF1 model elements after heating within 96 hours.
General view of the model Coil insulation layer Vertical section
Fig. 13. Temperature distribution in elements of the PF1 test-model at the end of the impregnation procedure (96
hours)
Conclusions
 The final-element model of the ITER PF1 segment developed by the ANSYS package and the
numerical study of the heating process have shown that the proposed heating method provides the
required temperature regimes of the vacuum-pressure impregnation and, hence, the required mechanical
characteristics of the PF1 coil. The experiments on the PF1 test model with the aim to check the
numerically investigated heating of the PF1 coil are under way.
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